T he American-European Consensus Conference (AECC) defines acute lung injury (ALI) as acute respiratory failure with bilateral pulmonary infiltrates and Pao 2 / Fio 2 (P/F) ratio < 300 in the absence of left atrial hypertension (1) . Clinical trials in ALI have been primarily limited to mechanically ventilated patients (2) (3) (4) (5) (6) (7) (8) . Likewise, the two most rigorous studies of the incidence and outcomes of ALI only included patients receiving positive pressure ventilation via an endotracheal tube or face mask (9, 10) . However, there has been increasing recognition that the process of ALI is often occurring in spontaneously breathing patients outside the ICU (11) (12) (13) .
Despite extensive investigation over the past 15 years, a lung protective strategy of mechanical ventilation remains the only disease-specific therapy shown to improve survival (2 survival in multicenter trials (14, 15) . Although limiting the diagnosis of ALI to patients receiving mechanical ventilation helps standardize patients for clinical trials, it may prevent initiation of therapies in an earlier and, potentially, more treatable phase of ALI. Following the paradigm of early goal-directed therapy for severe sepsis (16) , identifying patients and initiating treatment prior to the need for positive pressure ventilation may improve clinical outcomes. However, direct extrapolation of the AECC criteria to spontaneously breathing patients may not identify a sufficiently high-risk or homogenous population to warrant enrollment in clinical trials.
Recently, the United States Critical Illness and Investigation group derived and validated the Lung Injury Prediction Score (LIPS) to identify patients at an increased risk for development of ALI (17) . However, the LIPS requires inclusion of a broad array of risk factors and risk modifiers that may be challenging to calculate in clinical practice. Also, the LIPS was designed to identify at-risk patients prior to the onset of lung injury, and thus, it has identified a relatively low-risk patient population (positive predictive value for development of ALI only 18% at the recommended cutoff of > 4). In contrast, our goal was to empirically derive pragmatic criteria for early ALI (EALI), which identify patients with early but existing lung injury. These patients may be at higher risk for development of ALI requiring positive pressure ventilation and thus may be more appropriate targets for future clinical research. We previously published criteria for EALI based only on assessment in the emergency department (18) . However, physiologic markers of developing lung injury may not be apparent at time of admission, thus limiting their predictive value and increasing reliance on other risk factors and risk modifiers. We hypothesized that following patients prospectively beyond hospital admission would improve the performance of a simple physiology-based scoring system and still allow identification of patients prior to the need for positive pressure ventilation. Therefore, we conducted a prospective cohort study evaluating clinical variables predictive of progression to ALI for up to 72 hours in patients with evidence of lung injury on their admission chest radiograph.
MATERIALS AND METHODS

Study Population
Study physicians screened all adult chest radiographs done in the emergency department at Stanford University Hospital. A qualifying chest radiograph was defined as bilateral opacities (including equivocal findings of interstitial opacities consistent with pulmonary edema, bibasilar opacities consistent with either atelectasis or consolidation, and/or effusions with possible adjacent consolidation) present for less than 7 days. The formal interpretation by chest radiologists was used for screening. The primary author (J.E.L.), who completed the Acute Respiratory Distress Syndrome (ARDS) Network online training, reviewed all films prior to enrollment (as well as all films qualifying for ALI). Patients admitted with an abnormal chest radiograph not meeting criteria (i.e., unilateral abnormalities or a reading of minimal bibasilar opacities without other signs or symptoms of lung injury) were followed and enrolled if they progressed to a subsequent qualifying film within 72 hours. Other inclusion criteria were age older than or equal to 18 years and hospital admission.
Exclusion criteria were endotracheal intubation or meeting ALI criteria with noninvasive ventilation prior to leaving the emergency department, clinical evidence of left atrial hypertension (pulmonary artery occlusion pressure > 18 mm Hg or a right atrial pressure > 14 mm Hg, echocardiographic evidence of new or worsening left ventricular dysfunction, N-terminal pro-B-type natriuretic peptide > 400 pg/mL, or criteria for acute coronary syndrome) (19) , severe chronic lung or neuromuscular disease with respiratory failure as defined by the National Heart Lung and Blood Institute ARDS Network (5), pregnancy, and patient/family refusal of positive pressure ventilation.
Because up to 30% of patients with ALI may have concomitant volume overload (5) , patients with suspected left atrial hypertension (by the above criteria) were eligible if they had an admission diagnosis of pneumonia (defined by focal airspace opacities on chest radiograph or purulent sputum and an abnormal temperature [< 36°C or > 38°C] or WBC count [> 12,000, < 4,000, or > 10% bands]) or sepsis (defined by criteria for the systemic inflammatory response syndrome (20) and a known infectious etiology).
Sixty-five patients in the current 256 patient cohort were also included in our previous study of 100 patients assessed at presentation to the emergency department (18) . However, our prior analysis only included data available within the first 6 hours of presentation. We performed a sensitivity analysis by removing these patients from the analysis.
Data Collection
Demographic characteristics, comorbidities (defined in Supplemental data, Supplemental Digital Content 1, http://links. lww.com/CCM/A646), and admission diagnoses were collected at the time of enrollment. Physiologic (highest heart rate, highest respiratory rate, oxygen requirement, abnormal temperature [< 36°C or > 38°C], sepsis, and shock) and laboratory (abnormal WBC count [< 4,000, > 12,000, or > 10% bands] and culture data) variables were collected prospectively up to 6 hours prior to progression to ALI or for the first 72 hours following the first qualifying chest radiograph (whichever came first). We selected this time interval because most patients progress to ALI within 72 hours, and we thought 6 hours was the minimal clinically relevant period to allow initiation of treatment to prevent progression. ALI time was defined as the first time patients met AECC criteria with a P/F ratio less than < 300 while receiving positive pressure ventilation. As previously reported, oxygen requirement was defined categorically as the level of supplemental oxygen (room air, ≤ 2, > 2-6, and > 6 L/min) required to maintain a peripheral oxygen saturation greater than or equal to 90% (18) . For patients whose peripheral oxygen saturation was consistently greater than or equal to 90% while receiving between 2 and 6 L/min, study physicians went to the bedside once daily to titrate down the level of supplemental oxygen (over approximately 5-10 min) to accurately determine the minimum oxygen requirement. For safety reasons, patients already receiving greater than 6 L/min or facemask oxygen were categorized as greater than 6 L/min and not titrated. For prospectively collected physiologic variables, we selected the most abnormal value or category observed over the data collection period for inclusion in both univariable and multivariable analyses. For the composite EALI score, independent physiologic predictors (respiratory rate and oxygen requirement) were analyzed as the most abnormal value occurring in the same calendar day with the composite score being the highest daily score. After establishing an optimal cutoff, we subsequently identified the EALI time as the earliest time an EALI score greater than or equal to 2 occurred with all contributing components met simultaneously. Subjects were followed until hospital discharge for the primary outcome of progression to ALI (defined by AECC criteria while receiving positive pressure ventilation through an endotracheal tube or face mask). Following the recent publication of the LIPS, a LIPS score was retrospectively calculated for all patients for whom sufficient data were available in the medical record (248 of 256 patients).
The Institutional Review Board at Stanford University Medical Center approved this study with a waiver of consent for the available clinical data analyzed in this study. Informed consent was obtained for patients requiring bedside oxygen titration.
Statistical Analysis
Categorical variables were analyzed by chi-square and Fisher exact tests. Continuous variables were analyzed by t tests for normally distributed data (mean ± sd) and Wilcoxon rank sum tests for nonnormally distributed data (median, interquartile range [IQR]). Independent predictors of progression to ALI were identified by backward stepwise regression (significance for selection p < 0.05) of all variables associated (p < 0.05) with progression to ALI on univariable analysis. For the composite EALI score, patients received 1 point for the presence of each independent risk factor. Respiratory rate was included as a dichotomous variable at a previously validated cutoff of greater than or equal to 30 breaths/min (17, 21) and oxygen requirement as a categorical variable (1 point for between 2 and 6 L/min and an additional point for > 6 L/min) as these categories were both significant on multivariable regression. This simplified scoring system was compared with a score with points assigned by the coefficients (rounded to the nearest integer) from the multivariable regression. Although calibration was predictably better with the coefficient-based score (Hosmer-Lemeshow chi-square 0.11 vs 3.5), both scores showed adequate calibration (p = 0.99 and 0.32, respectively) (Supplemental Fig. 1 , Supplemental Digital Content 1, http:// links.lww.com/CCM/A646) and similar discrimination (area under the curve-receiver operating characteristic [AUC], 0.85 for both). As our focus was identifying patients with ALI (i.e., discrimination) and to avoid potential overfitting with the coefficient-based score, only the simplified score results are presented here. Discrimination and calibration of the EALI score for identifying patients who progressed to ALI were compared with the LIPS and the Acute Physiology and Chronic Health Evaluation (APACHE) II score by the AUC and Hosmer-Lemeshow statistics, respectively. Predicted probabilities for all model discrimination and calibration were calculated using 10-fold cross validation. Primary analyses were performed using SAS Enterprise Guide 4.2 (SAS Institute, Cary, NC). Prediction assessment was performed in R 2.14 (Vienna, Austria). Study data were collected and managed using RED-Cap electronic data capture tools hosted at Stanford University.
RESULTS
During 803 days of screening, we reviewed 32,341 chest radiographs. Of 5,545 patients with an abnormal chest radiograph, 256 were enrolled with bilateral opacities not exclusively due to left atrial hypertension. Of these, 62 patients (25%) progressed to ALI requiring positive pressure ventilation ( Fig. 1) . Median time of progression to ALI from the initial qualifying chest radiograph was 37 (IQR, 15-81) hours; however, 20 patients (31%) progressed after 72 hours ( Fig. 2) .
Baseline characteristics are shown in Table 1 . Rates of immune suppression (as defined by APACHE II) (22) , do not intubate (DNI) status (allowed if patients were willing to receive noninvasive ventilation), and LIPS and APACHE II scores were higher among patients who progressed to ALI. There was no significant difference in admission diagnosis between groups, with pneumonia and nonpulmonary infections accounting for 84% of all diagnoses. Clinical variables associated with progression to ALI are highlighted in Table 2 . Analyzed as a dichotomous variable, oxygen requirement cutoffs of > 2 L/min and > 6 L/min showed similar discrimination (AUC, 0.77 and 0.78, respectively) with > 2 L/min being more sensitive (90% vs 69%) and > 6 L/min more specific (89% vs 64%).
In multivariable analysis, supplemental oxygen requirement, maximal respiratory rate, and baseline immune suppression were independently predictive of progression to ALI. When respiratory rate was included as a dichotomous variable (≥ 30 breaths/min) and oxygen requirement as a three-level categorical variable (≤ 2 L/min, > 2-6 L/min, and > 6 L/min) along with baseline immune suppression, the model retained similar discrimination (AUC, 0.886 vs 0.894) compared with the full model ( Table 3 ). When only the 65 patients who were included in our prior analysis of emergency department data were excluded, results were similar. However, although baseline immune suppression was associated with progression to ALI in univariable analysis (p = 0.04) and retained similar magnitude of effect in the multivariable model (odds ratio, 2.1 vs 2.4), it did not retain significance in the multivariable model restricted to 191 patients (p = 0.12 compared with p = 0.02 for all 256 patients).
Clinical Prediction Models
A three-component EALI score incorporating the independent risk factors for progression to ALI on multivariable regression (1 point for an oxygen requirement > 2-6 L/min or 2 points for > 6 L/min; 1 point each for a respiratory rate ≥ 30 breaths/ min and baseline immune suppression) accurately identified patients who progressed to ALI requiring positive pressure ventilation (AUC, 0.85 [95% CI, 0.80-0.91]). Discrimination of the EALI score was similar to the LIPS and significantly outperformed the APACHE II by AUC analysis ( Table 4 and Fig. 3 ). An EALI score greater than or equal to 2 identified patients who progressed to ALI with 89% sensitivity and 75% specificity. In this cohort (with a 25% prevalence of ALI), this corresponded to positive and negative predictive values of 53% and 95%. By comparison, the positive and negative predictive values were 33% and 97% for a LIPS greater than 4 (recommended cutoff) and 46% and 92% for a LIPS greater than 6 (best performance in this cohort) ( Table 4 ). Median time from EALI to meeting ALI criteria while receiving positive pressure ventilation was 20 (IQR, 8-66) hours (Fig. 2) .
Outcomes
Outcomes of patients' hospital admissions are shown in Table 5 . Sixty-one of the 62 patients who progressed to ALI required ICU admission (one received noninvasive ventilation and had a qualifying blood gas outside the ICU). Of the patients who progressed to ALI, 42 (68%) received mechanical ventilation through an endotracheal tube, whereas 20 patients (32%) received only noninvasive ventilation. Among patients who did not progress to ALI, 20% required ICU admission and two (3%) received noninvasive ventilation (none were intubated). Direct admission from the emergency department to the ICU was more common among patients who progressed to ALI (53% vs 16%, p < 0.0001), but nearly half of ALI patients were initially admitted to a non-ICU service. In-hospital mortality was 35% among patients who progressed to ALI compared with three deaths (2%) among nonprogressors (p < 0.0001). Similarly, hospital length of stay was longer (14 vs 5 d, p < 0.001) in patients who progressed to ALI, and survivors were less likely to be discharged to home than nonprogressors (63% vs 86%, p = 0.002).
DISCUSSION
We conducted a prospective cohort study to test whether patients with evidence of early lung injury could be accurately identified prior to progression to positive pressure ventilation. In contrast to previous work (11, 12, 17, 23, 24) , our primary aim was not to identify risk factors for developing ALI but instead to establish empiric criteria for a clinically relevant syndrome of EALI. In attempting to establish a clinical definition of EALI, we attempted to preserve the principal components of the AECC criteria for ALI, minus mechanical ventilation and the need to calculate a P/F ratio. Thus, we only evaluated patients with preexisting bilateral abnormalities on the chest for the 62 patients who progressed. Time to ALI (gray bars), time from enrollment with a qualifying chest radiograph to meeting ALI criteria while receiving positive pressure ventilation; early acute lung injury (EALI) to ALI (black bars), time from meeting EALI criteria (EALI score ≥ 2) to ALI (*the "< 6 hr" column includes the seven patients who did not qualify for EALI at least 6 hr prior to meeting ALI criteria, i.e., false negatives).
radiograph. In this patient population, EALI defined by hospital admission with bilateral opacities on chest radiographs in the absence of isolated left atrial hypertension and an EALI score greater than or equal to 2 identified patients who progressed to ALI requiring positive pressure ventilation with a sensitivity of 89% and a specificity of 75% and corresponded to positive and negative predictive values of 53% and 95%. Median time from meeting EALI criteria to progression to ALI was 20 hours suggesting a meaningful interval to allow initiation of early interventions. Interestingly, nearly one third of the cohort progressed to ALI greater than 72 hours after their initial qualifying chest radiograph. We hypothesize that many of these patients represent a "second-hit" phenomenon triggering progression.
Recently, the LIPS has been validated for risk stratification of patients presenting to the emergency department with risk factors for ALI. However, the LIPS may be difficult to calculate, and in a low-risk patient population, the recommended cutoff of a LIPS greater than 4 had a positive predictive value for identifying patients with ALI of only 18% (17). In contrast, our EALI score contains only three components (oxygen requirement, respiratory rate, and immune suppression) and is designed for ease of use at the bedside. The success of the EALI score likely derives from the longitudinal evaluation of physiologic variables for potentially up to 6 hours prior to the onset of ALI. In contrast, the LIPS only includes variables present within the first 6 hours of admission. In this context, it is understandable that a scoring system would be more heavily influenced by multiple baseline risk factors and risk modifiers and less by acute pulmonary physiology predicting impending respiratory failure. However, the requirement for real-time recognition of qualifying chest radiographic abnormalities may add complexity to identifying the target population to which the EALI score is applicable relative to broadly applying LIPS to all emergency department patients with an identifiable risk factor. We chose to evaluate supplemental oxygen requirements by novel but predefined criteria (18) . Rice et al (25) have established criteria for ALI in mechanically ventilated patients based on an oxygen saturation to Fio 2 (S/F) ratios. However, accurate estimation of the Fio 2 remains problematic in patients breathing in a nonclosed system (i.e., not via a tight fitting face mask or endotracheal tube), and direct extrapolation of the P/F or S/F ratio to spontaneously breathing patients ignores the beneficial effects of positive pressure ventilation on lung recruitment and oxygenation. Instead, we classified the degree of oxygenation impairment by the level of supplemental oxygen required to maintain an oxygen saturation greater than or equal to 90%. This pragmatic classification strongly predicted progression to ALI. Dichotomous cutoffs of > 2 L/min and > 6 L/min had similar discrimination (AUC, 0.77 and 0.78, respectively) with > 2 L/min being more sensitive and > 6 L/min more specific. We suspect these levels of oxygen requirement are particularly useful because greater than 2 L/min reflects a sufficient oxygenation impairment to exclude subjects with chest radiograph abnormalities primarily due to atelectasis but retains sensitivity for mild early lung injury, while greater than 6 L/min accurately identifies patients failing supplemental oxygen therapy alone and are at high risk for needing positive pressure ventilation. Our prospective data collection allowing bedside assessment to accurately determine minimum oxygen requirements likely contributes to the predictive value of this variable relative to other cohorts and is a major strength of our study. However, this methodology may pose significant challenges to research personnel trying to implement this score as a research tool, and disparities in oxygen delivery practices across hospitals may further limit the generalizability of this risk factor to other patient populations. We defined ALI as meeting AECC criteria while receiving positive pressure ventilation as defined in a best validated epidemiologic cohort of ALI (9) . In addition, the recently published Berlin criteria only considered patients receiving at least 5 mm Hg of positive pressure for the classification of "mild ARDS" (roughly the equivalent of non-ARDS ALI) (10) . Other studies have extrapolated the AECC criteria for ALI to spontaneously breathing patients outside the ICU but not assessed the sensitivity and specificity of these criteria for identifying patients who progress to ALI requiring positive pressure ventilation. A pediatric study retrospectively identified emergency department patients with acute hypoxic respiratory failure defined as a P/F less than 300 (using a Pao 2 derived from recorded saturations and charted Fio 2 ) (12) . However, only 5% of these patients were intubated during the follow-up period. Ferguson et al (11) prospectively followed 815 patients admitted with at least one predefined risk factor for ALI. Fifty-three patients were identified as having developed ALI; however, of 17 patients not in the ICU at the time of ALI diagnosis, 11 were discharged without ever requiring ICU admission. A third study enrolled patients admitted to respiratory isolation rooms outside the ICU and compared patients with ALI (defined by bilateral infiltrates and hypoxemia) to patients without one or both (13) . Respiratory distress was more frequent in the group considered to have ALI, but mortality was low and similar between groups (12% vs 10%). These studies suggest that simple extrapolation of the AECC criteria for ALI to spontaneously breathing patients outside the ICU may not be valid. In comparison, our empirically derived criteria for EALI accurately identified patients at high risk for progressing to ALI requiring positive pressure ventilation. Patients who progressed to ALI by these criteria had substantially increased mortality and hospital lengths of stay and lower rates of independent functional status at the time of hospital discharge ( Table 5 ).
Our study was conducted at a single university teaching hospital, which may limit generalizability. The high rate of baseline immune suppression (37%) may particularly limit extrapolation to more standard community-based populations. The relatively small number of patients with ALI limits our power to assess the importance of recently identified risk modifiers, such as receipt of blood products (26) , alcohol abuse (27, 28) , and smoking (27, 29) and the potential protective effects of outpatient medications, such as aspirin (30) , statins (31) , and inhaled corticosteroids and β agonists (32) . Also, this cohort contains 65 patients included in our prior emergency department-based assessment of EALI. However, as the current analysis includes additional data collected for up to 72 hours beyond admission, these patients are not likely to bias our results. Immune suppression was not significant in multivariable analysis when these patients were excluded, but the magnitude of the effect of this risk factor was similar, suggesting a type II error due to limited power of the smaller sample.
Finally, we have not validated our findings in a prospectively collected external cohort, and our modest sample size is subject to overfitting. To limit overfitting, we used previously validated criteria for supplemental oxygen (18) , tachypnea (17, 21) and immune suppression (22) . Also, in a cohort including 64 patients with ALI, we identified only three independent predictors of ALI suggesting that our model is not overfit. We have attempted to validate the performance of our model using 10-fold cross validation. Nevertheless, the performance of the score likely benefited from testing in its derivation cohort and validation in an independent multicenter cohort will be needed before we can recommend widespread adoption of this definition of EALI.
Selection of strategies targeting prevention or early treatment of ALI depends on several factors, including generalizability to relevant subgroups, ease of use in clinical practice, and the relative positive and negative predictive values as they pertain to the inherent additional cost and potential harms of treating at-risk patients who may otherwise not develop ALI. We limited enrollment to patients with evidence of lung injury on chest radiograph and excluded patients intubated in the emergency department. This approach likely led to a bias toward pulmonary etiologies of ALI in our cohort and to an underrepresentation of high-risk surgical patients (who may not have lung injury prior surgery) and severe trauma patients (who are likely to be intubated in the emergency department). Our methodology does not allow us to comment on patients who may develop ALI without an interval qualifying chest radiograph or patients who may develop ALI after intubation (potentially 24% of patients without ALI at the time of intubation) (33) . Also, recognition of radiographic abnormalities is inherently subjective, and requiring radiographic evidence of lung injury will likely reduce sensitivity relative to the LIPS for identifying high-risk patients for optimizing prevention of ALI. However, requiring bilateral radiographic abnormalities is in agreement with current consensus criteria for ALI (1) and likely contributed the higher prevalence of ALI (25%) in this cohort relative to the LIPS (7%). These patients may be higher yield targets for some future clinical trials targeting early treatment.
CONCLUSIONS
This study empirically derived clinical criteria for a novel and pragmatic definition of EALI based on supplemental oxygen requirement, respiratory rate, and baseline immune suppression in patients with bilateral infiltrates on chest radiograph. In this cohort, these criteria identified patients who progressed to ALI requiring positive pressure ventilation with 89% sensitivity and 75% specificity. In contrast to the LIPS, our study evaluated at-risk patients longitudinally beyond hospital admission to identify criteria for the early phase of ALI prior to progression to respiratory failure requiring positive pressure ventilation. Following further validation, application of this definition could identify patients for inclusion in future clinical trials targeting the early treatment of ALI.
